The present work involves experimental investigation of the effects of aspect ratio, channel orientation angle, rib pitch-to-height ratio (P/e), and number of ribbed walls on friction factor in orthogonally rotating channel with detached ribs. The ribs are separated from the base wall to provide a small region of flow between the base wall and the ribs. Experiments have been conducted at Reynolds number ranging from 10000-17000 with rotation numbers varying from 0-0.38. Pitch-to-rib height ratios (P/e) of 5 and 10 at constant rib height-to-hydraulic diameter ratio (e/D) of 0.1 and a clearance ratio (C/e) of 0.38 are considered. The rib angle of attack with respect to mainstream flow is 90
INTRODUCTION
In heat exchanger applications, ducts with rib turbulators are used to augment the convective heat transfer. In case of ribs attached to the wall, due to the presence of recirculation zones at the back and in front of the ribs, the local heat transfer rate drops significantly in this region. To avoid formation of such recirculation zones, ribs are detached (positioned at a small distance) from the wall. Fujita et al. [1] investigated forced convection heat transfer on a flat plate with zero pressure gradient in which a single circular cylinder was inserted normal to the free stream direction and positioned at a clearance from the plate. They found that heat transfer enhancement could be achieved with a suitable selection of the clearance. Kawaguchi et al. [2] investigated the heat transfer augmentation with a number of circular cylinders positioned in a line and attached to or near one wall at various streamwise pitches by measuring the heat transfer coefficient. They found that among the pitch to cylinder diameter ratios (6.25, 12.5, 25 , 50, ∞) tested, the values 12.5 and 25 were appropriate as far as overall heat transfer augmentation is concerned.
Oyakawa et al. [3] studied the effect of geometric shape (a straight band plate, an angled band plate, and a T band plate) and clearance of the turbulence promoters, which were set in staggered arrangement on the heat transfer augmentation in the fully developed region of a rectangular duct. Some shapes of turbulence promoters were found to provide a marked improvement in thermal performance as compared with the previously reported cylinder case. For duct flows with a staggered array of circular cylinders near two opposite walls, Yao et al. [4] found that, after the first three cylinders, an almost fully developed state was attained thermally and hydrodynamically and that a more than three times larger averaged Nusselt number, relative to that in the smooth duct flow, can be achieved. Moreover, the measured distribution of the local Nusselt number was found to be similar in shape regardless of the Reynolds number (8 × 10 3 < Re < 6 × 10 4 ).
Liou et al. [5] studied the effect of clearance ratio (C/e) and Reynolds number on the turbulent heat transfer and friction in a rectangular duct (160 mm × 40 mm) with ribs detached from one wall by laser holographic interferometry and pressure measurements. The range of C/e studied were varied from 0.25 to 1.5 and Reynolds number range was 5000-50000 for a pitch-to-rib height ratio of 10 and rib height-to-hydraulic diameter ratio of 0.08. It was found that the friction factor in detached ribbed wall situation increased by 1.6-1.9 times over the attached ribbed wall case. It was observed that the hot spots around the concave corners behind the attached ribs (C/e = 0) do not occur with the detached rib wall (C/e = 0). The average level of heat transfer enhancement increased as C/e increased from C/e = 0 to 0.38. Beyond C/e of 0.38, the level of heat transfer enhancement decreases with increasing C/e. This is because of the highest forced convection resulting from the highest acceleration of the flow between the rib base and the heated wall. Detached ribbed walls resulted in the improvement of thermal performance (average heat transfer at the same pumping power) by 20-40% compared to the attached ribbed walls.
Liou and Wang [6] presented the heat transfer and pressure drop characteristics in a developing rectangular duct with a detached square rib array and an abrupt contraction at the inlet for a Reynolds number ranging from 5000-50000. The ratios of pitch-to-rib height, rib height-to-hydraulic diameter, and detached distance-to-rib height were 10, 0.08 and 0.58. The developing flow in the detached ribbed duct was found to be hydrodynamically and thermally fully developed after the first three ribs, a result similar to that in the attached ribbed duct flows. The heat transfer augmentation by detaching a rib array a small distance of C/e = 0.58 from the heated wall is about 1.2-1.3 and 1.1-1.4 times higher than by attaching a rib array onto the heated wall (C/e = 0) for the constraints of equal mass flow rate and equal pumping power. Liou et al. [7] studied the mean velocities, turbulence intensities and Reynolds stresses in a rectangular duct of a width-to-height ratio of 2 with a detached solid rib array on one wall. The Reynolds number, pitch-to-rib height ratio, and rib height-to-hydraulic diameter ratios were 20000, 10, and 0.133. The rib-detached distance to rib height ratio was varied from 0 to 3.25. They observed that the wake length (reattachment length), which was observed to be 3.5 times the rib height in attached rib case decreased to around 1.3 times the rib height for all clearance ratios in detached ribs cases, covered in this study. The wall jet issued from the clearance between the rib and duct wall for C/e = 0.38 generated higher convective velocity and turbulent kinetic energy. This fact provided the fluid dynamic rationale for the previously reported better heat transfer augmentation immediately behind the rib attained by the detached rib array for C/e = 0.38.
Liou et al. [8] presented laser holographic interferometer and pressure measurements in a rectangular duct of width-to-height ratio of 4 : 1 with an array of ribs detached from one wall at a clearance-to-rib height ratio of 0.38. The ranges of rib-to-duct height ratio, pitch-to-rib height ratio, and Reynolds number were 0.13 to 0.26, 7 to 13 and 5000 to 50000 respectively. Rib configuration of e/B of 0.17 and pitch-to-rib height ratio, of 10 were found to provide the best thermal performance. Tsia and Hwang [9] conducted the study of heat transfer and friction in a rectangular duct roughened by arrays of alternate attached and detached ribs for rib-to-channel height ratio of 0.2 and rib clearanceto-height ratio of, 0.5, respectively. Rib pitch-to-height ratios were varied from 10 to 30. Alternate attached and detached ribbed wall configuration resulted in high heat transfer and moderate pressure drop penalty compared to fully attached ribs configuration and fully detached ribs configuration. Liou et al. [10] performed laser Doppler velocity measurements in a rotating two-pass square duct with 90
• ribs detached from the leading and trailing walls. The ribs were square in cross section and their detached distance/height ratio was 0.38. The rib height/duct height ratio and pitchto-rib height ratio were 0.136 and 10, respectively. The duct Reynolds number was varied from 10000 to 40000 and the rotation number ranged from 0 to 0.2. The wall jet emitted from the rib-wall gap effectively removed the corner vortex prevailing in attached ribs, thus possibly improving the heat transfer deterioration immediately behind the ribs under conditions of rotation. Liou et al. [11] measured local heat transfer distribution using transient thermo chromatic liquid crystal technique and velocity field using LDV in a two pass square channel with transverse detached ribs on two walls. For this channel, the clearance ratio (C/e) was 0.38, pitch-to-rib height (P/e) was 10, and rib height-to-duct height ratio was 0.136. Experiments were conducted at a constant Reynolds number of 10000 and the rotation number was varied from 0 to 0.2. The results show the relative effect of near wall jet (in detached ribs) and the reattachment of separated flow (in the attached rib). Under conditions of rotation, span wise average over various rib heights show that the detached ribs provide more augmentation relative to attached ribs over a length of 4-rib heights behind each rib on both leading and trailing walls. However, when the entire region is covered for area averaging, it is seen that the augmentations offered by both detached and attached ribs were nearly equal. The heat transfer distribution is reported to be more uniform for detached ribs compared to attached ribs.
Johnson et al. [12] reported that gas turbine blade internal coolant passages are often oriented at an angle that is as large as ±50
• -60
• to the axis of rotation with the angle varying widely between the midchord, leading and trailing edge regions of the rotating airfoil. The literature survey presented on detached ribs above indicates that pressure drop data is not available for varying rib pitch-to-height ratios and aspect ratio in the presence of rotation and varying channel orientation.
From the literature review, it is observed that the average heat transfer augmentation in detached ribs is marginally higher compared to attached ribs. It is seen that focus is limited to obtain heat transfer distribution for different aspect ratios and (C/H) ratios, without any pressure drop data. The objective of the present work is to obtain pressure drop for detached ribs with optimum clearance ratio (C/H = 0.38) and compare the results with the attached rib counterpart to qualitatively evaluate the thermal performance of detached ribs. Figure 1 shows the schematic of the experimental setup used for measuring pressure drop in ribbed channels using water as working fluid. Water is pumped from the sump to the test section line through a control valve used to regulate the flow. The flow rate is measured by calibrated rotameter. Water enters the rotating hollow shaft through the rotor-seal at the bottom and passes through the developing zone pipe (on the left-hand side of the figure) and then enters the test section. The rotor-seal aids in transferring fluid from the stationary pipe to a rotating pipe/hollow shaft. The test section is so fixed to the hollow shaft that it can be rotated about its axis to obtain different orientation angle. The test section support holds the test section firmly and avoids circumferential movement of the test section while rotating. Water coming out of the test setup is collected in the stationary collection tank. A D.C. motor rotates the entire assembly through a belt drive. The speed of rotation is set by controlling the power supply to the motor through Variac. Flexible tubes are used to connect the pressure taps from the test section to the top rotor seal. The flexible tubes run through the top part of the hollow shaft and then connect to the rotor seal. The outlet port of the rotor seal is then connected to a "U" tube manometer to measure the differential pressure drop. The cross-sectional dimensions of square and rectangular channels are 30 mm×30 mm and 15 mm×30 mm (ribbed wall), respectively. The hydraulic diameter of the square and the rectangular channels (calculated without including the ribs) is 30 mm and 20 mm for the square channel and the rectangular channel, respectively. The test sections are fabricated by chemically bonding Plexiglas pieces machined to the desired dimensions. Ribs of 3 mm × 3 mm square crosssection are used for square channel and 2 mm × 2 mm for the rectangular channel. The ribs are also made of Plexiglas. Two pitch-to-rib height (P/e) ratios of 5 and 10 are considered in the present study. The rib height-to-hydraulic diameter ratio (e/D) is 0.1 for all the cases covered. The channel length is 30 times the hydraulic diameter for all the configurations. Ribs are fixed to the channel walls after a developing length of 15 times the hydraulic diameter of the channel for both attached and detached configurations. The mean radius of rotation is 27 times the hydraulic diameter for all the channels. For attached ribbed channels, ribs are directly fixed to the channel walls. In detached ribbed channels, ribs are fixed to the side supports of width 5 mm. The effective flow width between the two-side supports is 20 mm. The distance (C) between the base surface and the rib corresponds to C/e of 0.38 in square channel and 0.37 in rectangular channel. The schematic arrangement of these two configurations is shown in Figure 2 . The summary of all the cases studied is given in Table 1 . Figure 3 shows the definition of the orientation angle. The test section in which the ribs are located on the trailing surface (in two-wall ribbed channels, one of the ribbed walls is on trailing surface) is considered the base case (orientation angle = 0 • ). The direction of the Coriolis force is normal to the trailing surface and parallel to the top and bottom surfaces for the base case. Other orientation angles are obtained by turning the channel about its axis with reference to the base case. A stationary U-tube differential manometer is used to measure the pressure drop in the rotating test section with carbon tetrachloride as the manometer fluid. The pressure transfer between the taps on the rotating test section and the stationary manometer is achieved through a specially fabricated pressure transfer device using two commercially available rotor seals.
EXPERIMENTAL SETUP

DATA REDUCTION
The arithmetic average of the pressure drop between the two pressure taps on each of the four walls (trailing surface, leading surface, top surface, and bottom surface) is used for estimating the overall pressure drop. Two pressure taps are set on all the walls at a distance of one pitch upstream of the first rib and one pitch downstream of the last rib to obtain the pressure drop.
The resulting average like this was found to be identical to the pressure drop measured by physically interconnecting the four pressures taps at a given location. This overall pressure drop is used to calculate the friction factor given by
The length "L" used in the above expression is the distance between the two pressure taps stated above and "D" is the hydraulic diameter of the channel. The length "L" is 12 and 7 times the hydraulic diameter of the channel for P/e = 10 and 5 cases, respectively. This corresponds to the total number of ribs, 10, in both pitch-to-rib height ratio of 5 and 10 cases. The maximum uncertainty in the average friction factor is about 6% by the uncertainty estimation method of Kline and McClintock [13] at a 95% confidence level. The average friction factor is normalized by the friction factor for Figure 4 shows the friction factor variation for pitch-to-rib height ratios of 5 and 10 with detached ribs on one wall in a square channel. Experiments are conducted for a Reynolds number ranging from 10000 to 17000 and rotation number ranging from 0 to 0.38. The orientation angle is varied from 0 • to 180
RESULTS AND DISCUSSIONS
Detached ribs on one wall
• in steps of 30
• . It is observed that the friction factor ratio is independent of orientation angle at all Reynolds numbers and it is greater for pitch to rib height ratio of 10 compared to that of 5 under stationary conditions. Under rotating condition, the friction factor ratio increases consistently with the increase in the orientation angle from 0
• to 90
• and decreases with the increase of orientation angle from 90
• -180
• at a given Reynolds number and rotation number for both pitch-to-rib height ratios. Increase in the friction factor ratio for pitch-to-rib height ratio of 5 is higher compared to that of 10. It can be seen that the friction factor ratio for pitch-to-rib height ratio of 5 is higher compared to that of pitch-to-rib height ratio 10 at all orientation angles except at 0
• and 180
• . These trends of friction factor variation with orientation angle are similar to the corresponding attached rib configuration as reported by Sardeshpande et al. [14] as shown in Figure 5 which shows the friction factor variations for pitch-to-rib height ratios of 5 and 10 with attached ribs on one wall in a square channel. Figure 6 shows the comparison of friction factors for both attached and detached configurations at Reynolds number of 17000, Rotation number 0.22 for detached ribs, and Reynolds number of 17200, rotation number 0.2 for attached ribs. It can be observed that the friction factor ratio of detached ribs is higher compared to those of attached ribs under stationary condition for both the pitch-to-rib height ratios of 5 and 10 (for P/e = 10, f / f 0 of detached ribs is 56% and for P/e = 5, 69% higher compared to those of attached ribs) at a given Reynolds number. Under conditions of rotation, the friction factor, a ratio of detached ribs is higher compared to the corresponding attached ribs for pitch-to-rib height ratio of 10. However, for pitch to rib height ratio of 5, the friction factor ratio of detached ribs are comparable with that of attached ribs.
Pressure drop measurements are made with a rectangular channel of aspect ratio 2 to study the effect of aspect ratio. Figure 7 shows the effect of orientation angle on the friction factor ratio for pitch-to-rib height ratios of 5 and 10 with detached ribs on one wall. Trends of friction factor ratio variations with rotation number and orientation angle are similar to that observed in a square channel. It can be observed that the friction factor ratios of rectangular channel are lower than that of square channel for both pitch-to-rib height ratios of 5 and 10 at the same Reynolds number under stationary conditions. The increase in the friction factor ratio with the increase in Reynolds number is less in rectangular channel (10% increase from Re = 10000 to 17000) compared to that of square channel (65-80% increase from Re = 10000 to 17000) under both stationary and rotating conditions. Increase in the friction factor ratio with the orientation angle for a given Reynolds number and rotation number is lower for rectangular channel compared to square channel (at a Reynolds number of 10000, rotation number of 0.38, and orientation angle of 90 • , the increase in friction factor ratio is 180% and 100% for pitch-to-rib height ratios of 5 and 10 in rectangular channel and 240% and 150% for pitch-to-rib height ratios of 5 and 10 in square channel).
The trends of friction factor ratios in detached ribbed rectangular channel are similar to that observed in corresponding attached rib configuration as reported by Sardeshpande et al. [14] as shown in Figure 8 which shows the effect of orientation angle, rotation number, and Reynolds number on the friction factor ratio in attached ribbed rectangular channel. The friction factor ratios of detached ribs are lower than that of attached ribs both under stationary and rotating conditions for both the pitch-to-rib height ratios as observed in square channels. Figure 9 shows the friction factor variation for pitch-to-rib height ratios of 5 and 10 with detached ribs on two opposite walls. The orientation angle is varied from 0 • -90 • in steps of 30
Ribs on two opposite walls
• due to symmetry of the channel. The effects of orientation angle and pitch-to-rib height ratio are similar to that observed in one wall ribbed channel under conditions of rotation. Figure 10 compares the friction factor in a square channel with detached ribs on one wall and two walls under stationary and rotation conditions at a Reynolds number 17000. It can be seen that, under both stationary and rotating conditions, the friction factor ratio of two-wall detached ribbed channel is around 1.9-2.4 times the corresponding one-wall detached ribbed channel for both pitch-to-rib height ratios. Figure 11 shows the friction factor variation for pitch-to-rib height ratios of 5 and 10 with attached ribs on two opposite walls presented by Prabhu et al. [15] . Figure 12 shows the comparison of friction factor for attached and detached ribs at Reynolds number 17000 and rotation number 0, 0.22 for pitch-to-rib height ratio of 5 and 10. It is observed that friction factor ratio for detached ribs is higher compared to the corresponding attached rib configuration under stationary and rotation condition. The difference in friction factor between the detached ribs and attached ribs increases with the increase in orientation angle.
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Re = 17000 Figure 10 : Comparison of friction factor ratios in square channel with detached ribs on one wall and two walls at Re = 17000. Figure 13 shows the effect of orientation, rotation number, and Reynolds number on the friction factor ratio in a rectangular channel with detached ribs on two opposing walls. Unlike the square channel, friction factor ratios of twowall detached ribbed rectangular channel are not twice that of one-wall detached ribbed rectangular channel. However, the ratio of friction factor of two-wall detached ribbed channel to one-wall detached ribbed channel is increasing with the increase in Reynolds number (i.e., 2.2 times at Re = 10000, 3.1 times at Re = 13000, and 4.1 times at Re = 17000). Similarly, under conditions of rotation, for both the pitchto-rib height ratios of 5 and 10, the ratio of friction factor of two-wall detached ribbed channel to one-wall detached ribbed channel is increasing with the increase in Reynolds number for a given orientation angle. Friction factor ratios of two-wall detached ribbed rectangular channel are comparable with those of two-wall detached ribbed square channel. Unlike single-wall detached ribbed channels, the effect of aspect ratio is minimal in two-wall detached ribbed channel. Figure 14 shows the variation of ratio of pressure drop on individual wall to overall pressure drop (mean of pressure drop on all four walls) for two-wall detached rib square channel at Reynolds number 17000 and rotation number 0.22. The pressure side, suction side, top side, and bottom side correspond to 0
• orientation. It is observed that, at 0 • orientation, the pressure drop on the trailing side increases due to the action of Coriolis force on this face during rotation where as on the suction side, the pressure drop decreases. Pressure drop on the top and bottom sides remains the same. However, when the channel is rotated to 30
• , 60
• , and 90
• the top side becomes the pressure side and bottom side becomes the suction side. The two ribbed walls (pressure and suction surface at 0
• orientation) become top and bottom side. Due to the changing orientation at 30
• and 60
• , the Coriolis force acts on part of the pressure side and the top side leading to K. Arun and S. V. Prabhu increase in the pressure drop on the top side. However, on the bottom side, the pressure drop decreases as it moves towards the suction side.
CONCLUSIONS
An experimental study has been conducted to investigate the effect of Reynolds number, rotation number, orientation angle, aspect ratio, pitch-to-rib height ratio and number of ribbed surfaces on the pressure drop distribution in detached ribbed channels. Friction factor ratios of detached ribbed channels are compared with that of attached ribbed channels available in the literature. Following are the conclusions that may be drawn from the present study.
(i) Friction factor ratio of detached ribs is higher compared to that of attached ribs in stationary single-wall ribbed square channel for both the pitch-to-rib height ratios of 5 and 10 at a given Reynolds number. Under conditions of rotation, the friction factor ratios of detached ribs are higher compared to those of attached ribs for pitch-to-rib height ratio of 10 and comparable to each other for a pitch-to-rib height ratio of 5. However, in rectangular single-wall ribbed channel, the friction factor ratios of detached ribs are less than that of attached ribs both under stationary and rotating conditions for both the pitch-to-rib height ratios.
(ii) In two-wall ribbed square channel, the friction factor ratio in detached ribs is higher compared to the corresponding attached rib configuration under both stationary and rotating conditions and the difference in friction factor between the detached ribs and attached ribs increases with the increase in Reynolds number.
(iii) In square channels with detached ribs, friction factor ratio for two-wall ribbed is around twice that of singlewall ribbed under both stationary and rotating conditions. However, in rectangular channel, the ratio of friction factor of two-wall detached ribbed channel to single-wall detached ribbed channel increases with the increase in Reynolds number.
(iv) Irrespective of pitch-to-rib height ratios (5 and 10) and aspect ratio (square and rectangular channels), friction factor ratio in single-wall detached ribbed channel increases with the increase in the orientation angle from 0
• -90
• for a given Reynolds number and rotation number. Under conditions of rotation, the effect of rotation number is more pronounced for an orientation angle of 90
• at a given Reynolds number for single-wall detached ribbed channel and two-wall detached ribbed channel.
(v) Under conditions of rotation, friction factor ratios of pitch-to-rib height ratio of 5 are greater than those of pitchto-rib height ratio of 10 for orientation angles 30
• in two-wall detached ribbed channel and 30
• to 150
• in singlewall detached ribbed channel.
(vi) In single-wall detached ribbed channel, increase in the friction factor ratio with the orientation angle is lower for rectangular channel compared to that of square channel for both the pitch-to-rib height ratios at a given Reynolds number and rotation number.
(vii) Friction factor ratios of two-wall detached ribbed rectangular channel are comparable with those of two-wall detached ribbed square channel both under stationary and rotating conditions. It is observed in the literature that the augmentations offered by both detached and attached ribs are nearly equal. However, the heat transfer distribution between detached ribs is more uniform compared to that between attached ribs. In the present investigation, general observation is that the friction factors caused by detached ribs are greater compared to those of attached ribs. Hence, thermal performance under constant pumping power of detached ribs may not be better than attached ribs. However, this has to be confirmed through further experimental/numerical investigations. 
